Gait study on quadruped robots with a locked joint failure is discussed in this paper. The quadruped robot has a moving appendage which, attached onto the robot body, serves as a controllable apparatus that changes the equivalent position of the center of gravity. We propose a crab gait sequence for the quaruped robot to continue its static walking despite an occurrence of a locked joint failure. Analysis on gait stability and control of the moving appendage are addressed in the framework of fault tolerant gaits. We also provide a case study to illustrate the motion of legs and the moving appendage in the proposed fault tolerant crab walking.
Introduction
Fault tolerance in engineering systems means the capability of completing their task against the presence of failure, possibly with degraded performance [1] . In terms of gait study for legged robots with static walking, fault tolerance implies that the robot can continue its walking even though a leg is injured by a kinematic/dynamic failure. For legged robots operating in remote or hazardous environments, realization of such gait patterns with fault tolerance, or fault tolerant gaits as they are often termed [2] , [3] , is a requisite for guaranteeing robust walking of the robot. This paper presents a fault tolerant gait planning for a quadruped robot. Since the considered quadruped robot has static walking, its gait sequence changes from tripod (one leg is in the transfer phase) to quadruped (all four legs are in the support phase) to tripod, etc [4] . It is assumed that a locked joint failure [5] may occur to a leg, where a joint is locked in a known place by fault. A locked joint failure reduces the workspace of the failed leg and consequently limits the scope of gait planning. By virtue of its characteristics, however, it was found that legged robots having straight-line motion on even terrain can continue their walking even after an occurrence of a locked joint failure and can have a periodic fault-tolerant gait [6] , [7] .
In this paper, our study will focus on fault tolerance in a quadruped robot with crab walking, i.e., walking over straight-line motion with non-zero crab angle between the leg trajectory and that of the robot body. Crab walking is very important to an omni-directional walking robot, especially to a quadruped robot, since the four legs are symmetrical about the body vertical axis. With adequate implementation of crab gaits, a quadruped robot could have the same agility in both longitudinal and lateral directions [8] .
While the previous study [9] addresses the problem of fault-tolerant crab walking, our work differs from [9] in that the considered legged robot has a moving appendage, a mechanical apparatus that is placed onto the robot body and is under position control by the accompanying actuator. The role of the moving appendage is to adjust the equivalent position of the center of gravity (cg), which will be determined as the average of cg of the robot body and the moving appendage. In doing so, we can alleviate the drawback of the former fault-tolerant crab gait that it has the marginal stability margin when the gait has the tripod phase [9] . Note that the use of moving appendage for faulttolerant straight-line walking was addressed in [10] .
The discussion of this paper is a continuation of [6] , [9] , [11] . General knowledge of gait study can be found in [4] and [12] . It seems that the literature contains no reports regarding the use of moving appendages to eliminate the fault-tolerant gait sequence having marginal stability margin.
The rest of this paper is organized as follows. In Section 2, we present a quadruped walking robot equipped with a moving appendage. The gait feature of the robot is described in a two-dimensional framework, while dynamic model of moving appendage is introduced. In Section 3, we review the fault-tolerant gait for accommodating a locked joint failure. The quadruped robot is assumed to have a crab walking over perfectly even terrain with non-zero crab angle. In Section 4, we propose a scheme of adjusting the equivalent cg of the quadruped robot by controlling the position of the moving appendage. The resultant crab gait will acquire positive gait stability throughout a whole period. In Section 5, the proposed scheme is validated through a case study using artificial robot parameters. Finally, Section 6 concludes this paper.
Description of a Quadruped Robot
A general quadruped robot is illustrated in Figure 1 . The robot has a moving appendage attached to the robot body. The moving appendage will be used in reconfiguration of cg for dealing with leg failures. We assume that the robot leg has the form of the articulated manipulator model [13] . This leg model consists of two rigid links: the lower link is connected to the upper link via an active revolute joint and the upper link to the robot body via two active revolute joints, one parallel with the knee joint and the other parallel with the body longitudinal axis. Hence the foot point has three degrees of freedom with respect to the body and the overall walking can be driven in any direction. Note that this leg model can accommodate any leg type that has the reachability of three degrees of freedom. Projecting the major parameters of the quadruped robot on the ground, we obtain the two dimensional diagram of the quadruped robot as shown in Figure 2 . C 0 denotes the cg of the robot body. The body coordinate system X-Y-Z is attached to C 0 with the X and Y axes aligned, respectively, with the body longitudinal and lateral axes. The robot leg with the articulate configuration has a reachable area in the form of an annulus sector on the ground [14] . Since using the original reachable area causes the problem of overlapping between adjacent legs, we assign to each leg a rectangular working area and confine all the foothold positions of the leg within its working area. In Figure 2 , R x and R y are the length and depth of each working area, respectively. C i is the center point of the working area of leg i, i 1, . . . , 4.
In the present study, the quadruped robot is supposed to have the following mechanism.
1) The quadruped robot walks on a straight line with a constant crab angle θ (0 ¥ θ 90 ¥ ) on even terrain.
2) The trajectories of all the four feet move through their workspace centers and are in parallel to that of the robot body (see Figure 2 ).
3) The robot body is kept horizontal and its altitude does not change throughout walking.
4) All the mass of the legs is lumped into the body, and the contact between a foot and the ground is a point.
5) A locked joint failure occurs to the quadruped robot at most once in locomotion and is not repaired until the end of walking. 
Fault-Tolerant Crab Gait
The causes of the locked joint failure are various: The failure may be directly due to the kinematic fault of the mechanical part, the indirect result of a very high gear ratio on an actuator that has lost power or due to brakes that have been applied by implemented failure detection software [1] . Once a locked joint failure happens to a leg, a joint of the failed leg is locked in a known position.
With a single locked joint, the failed leg loses its degree of freedom by one. Thus a locked joint failure results in two dimensional motion of the leg, and the constrained motion will appear as one dimension-i.e., a line-on the working area. A crucial feature of locked joint failures is that unlike free swinging failures [15] , they do not take away the body supporting ability of the failed leg. Hence, the fault tolerant gaits for locked joint failures developed in [6] , [9] employ the failed leg in the body supporting work. Because of the locked joint, however, the failed leg cannot conduct the operation of pushing forward the body in the support phase, nor the active swing motion in the transfer phase. As soon as the failure is detected, the failed leg is placed on a fixed foot point in the leg trajectory and goes through passive movement along with the displacement of the robot body. This singular behavior will decrease the stride length of the resulting gait.
Since the quadruped robot is assumed to walk on a perfectly even terrain, the fault tolerant gait has periodicity. Figure 3 is the gait sequence of a cycle of the fault tolerant crab gait with the crab angle θ, where a locked joint failure has occurred to leg 1 [9] . By symmetry of the quadruped robot with respect to the X and Y axes, the fault tolerant gaits for fault occurrences to other legs can be easily deduced from Figure 3 . As shown in Figure 3(a) , leg 1 is placed on the fixed point P on the leg trajectory after fault occurrence, where P is determined by the kinematics of the robot. λ, the distance between P and the front boundary of the leg trajectory in the working area, serves as the stride length of the gait. Black circles in the figure denote foothold positions of supporting legs and white circles denote the previous locations of foothold positions. Dot-dash lines are the sides of the support pattern made in a state where one leg is in the transfer phase, i.e., when the quadruped robot has tripod. 
Notice that the working areas of the initial position are drawn fixed in Figure 3(d) . It is for the clarity of illustration; the real location of the areas will change as does the location of the robot body.
As the measure of the stability margin, we use the longitudinal stability margin (LSM) [16] , which is defined as the minimum distance from the vertical projection of the cg to the support pattern boundaries along the line parallel to the body motion. A slight examination of Figure 3 shows that the fault tolerant gait has marginal stability margin, i.e., the cg is on the boundary of the support pattern, whenever a leg is lifted off. In Figure 3(b) , for instance, C 0 is on the segment between the foothold position of leg 2 and leg 3, a side of the support pattern (triangle) made of legs 1, 2, and 3. This implies that whenever the robot body tilts or the foothold position of a leg is changed accidentally, the cg of the robot body may be outside the support pattern, which causes the quadruped robot to be statically unstable. Alleviating this drawback requires some hardware redundancy or additional mechanical parts in the quadruped robot. For example, in the authors's former study [17] , the robot leg having flat-type feet is utilized to enlarge the support pattern. The moving appendage will also play a role in guaranteeing positive stability margin at the cost of installing additional mechanical parts.
Control of Moving Appendage
We adopt the discussion on the model of the moving appendage from [10] . Figure 4 is the lateral view of the moving appendage placed onto the robot body. M a and M b are the mass of the moving appendage and the robot body, respectively. x a is the displacement of the moving appendage measured along the X axis. f v is the coefficient of viscous friction that exists between the surfaces of the moving appendage and the robot body. We assume that the maximum displacement of the moving appendage from the origin C 0 cannot exceed a limit value L (L 0):
The position of the moving appendage x a can be governed by controlling the rotation of the pinion which, in turn, can be controlled through the voltage supplied to the motor [18] . F c ÔtÕ, namely the translation force exerted on M a in the direction of the X axis, serves as the control input. The dynamic equation of the moving appendage is easily derived as
We now propose the scheme of adjusting the position of the moving appendage to enhance the gait stability.
When x a , the position of the moving appendage, is adjusted along the X axis, the cg of the gait is changed accordingly by the distribution of the two masses M a and M b . Let C e be the equivalent position of the cg measured in the X-axis. By the formula of the weighted average location of all the mass, we obtain
Instead of marginal gait stability, the moving appendage allows the robot to have a positive gait stability C e whenever the robot takes a tripod. Figure 4 . Lateral view of the moving appendage [10] . Table 1 shows the proposed scheme of moving appendage adjustment. Suppose that by the adjustment scheme, the fault tolerant crab gait should maintain the gait stability larger than or equal to a given value S (S 0). The moving appendage must be controlled such that the equivalent position of the cg is inside of the support pattern and LSM should be at least S . From (4), we derive that x a must move to¨ÔM a M b ÕS ßM a in the X coordinate for deriving LSM = S in the fault tolerant crab gait of Figure  3 . The sequence of leg swing and body translation remains unchanged. Table 1 . Adjustment of the moving appendage.
Leg in transfer phase
For example, consider the case of swinging leg 4. To acquire the stability margin S , the moving appendage should be controlled to displace by
along the X axis before lifting off leg 4. In other words, the adjustment of the moving appendage gives the quadruped robot superfluous space enough to accommodate the loss of static stability caused by swinging leg 4. Figure 5 illustrates the state where leg 4 is in the transfer phase, while the equivalent position of the cg is inside the support pattern. We can derive the cases of swinging other legs in a similar manner. 
Case Study
We conduct a test of the proposed fault tolerant crab gait using a gait simulator. Figure 6 shows the result of our case study. The quadruped robot with the moving appendage is displayed together with the projection of working areas and foothold positions of supporting legs. We set the relevant parameters as R x 6 (unit), R y 5, θ 51 ¥ , λ 2, M a 1 (kg), M b 4, and S 0.5. In the test, we assume that a locked joint failure has already occurred to a joint of leg 1 before the robot initiates its walking.
The specific operation of legs and the moving appendage at each gait sequence of Figure 6 (a) (i) is summarized in Table 2 . The operations of Table 2 are marked in Figure 6 by arrows. Note that for realizing the proposed adjustment, the moving appendage should be controlled to follow a trajectory of pulse wave (from d to ¡d and vice versa in the X axis). In the simulation, we have employed a PD controller to accomplish the trajectory following of the moving appendage. The simulation results demonstrate that the walking machine could well complete a cycle of the proposed fault tolerant crab gait with a locked joint failure at leg 1. Extension of this result to the cases of fault occurrences at other legs can be easily induced. 
(g) (h) (i) Figure 6 . The result of the simulated fault tolerant crab gait on even terrain. Table 2 . Operation of the quadruped robot at the gait sequence of Figure 6 ('ma' means the moving appendage and 'd' is given by (5) 
Conclusion
This paper has presented a scheme of fault tolerant crab gaits for realizing fault tolerance for a quadruped robot with locked joint failures. We have focused on utilizing the moving appendage attached on the robot body in order to enhance the gait stability applied to static walking on even terrain. The sequence of leg swing and body translation is unchanged from the former studies, but before lifting off a leg, the moving appendage is adjusted to a certain position so that the robot has the positive stability margin. As a case study, we have provided an illustration of a synthetic quadruped robot that realizes a fault tolerant crab walking in which the adjustment of the moving appendage is accomplished with respect to a given stability margin. Future researches include implementation of the proposed fault tolerant crab gait with the moving appendage on a real quadruped robot.
